ABSTRACT: A quarter of a century of daily rainfall data from the Global Telecommunications System are used to define the temporal and spatial variability of the start of the wet season over Africa and surrounding extreme south of Europe and parts of the Middle East. From 1978 to 2002, the start of the wet season arrived later in the year for the majority of the region, as time progressed. In some parts of the continent, there was an annual increase in the start date of up to 4 days per year. On average, the start of the wet season arrived 9-21 days later from 1978 to 2002, depending on the threshold used to define the start of the rains (varying from 10-30 mm over 2 days, with no dry period in the following 10 days). It is noted that the inter-annual variability of the start of the wet season is high with the range of start dates varying on average from 116 to 142 days dependent on the threshold used to determine the start date. These results may have important implications for agriculturists on all levels (from the individual farmer to those responsible for regional food supply), as knowledge of potential future climate changes starts to play an increasingly important role in the agricultural decision-making process, such as sowing and harvesting times.
Introduction
To date, much of the research into variability of rainfall over the African region has focused on monthly and seasonal rainfall totals and their relationship with land surface processes (Otterman, 1974; Fontaine et al., 2002; Gallee et al., 2004) and sea-surface temperatures (SST) over the Atlantic Ocean (Janicot et al., 1998; Vizy and Cook, 2001; Rouault et al., 2003) , the Indian Ocean (Goddard and Graham, 1999; Reason, 1999; Cook, 2000) , the Pacific Ocean (Nicholson and Entekhabi, 1987; Ogallo, 1988; Camberlin et al., 2001; Cook, 2001) , the Mediterranean (Rowell, 2003) and globally (Semazzi et al., 1996) . In turn, the discovery and physical understanding of the mechanics of these climate teleconnections have led, via empirical and model-based techniques, to a number of seasonal rain forecasting schemes for the continent (Landman and Mason, 1999; Tennant, 1999; Thiaw et al., 1999; Ntale et al., 2003; Gissila et al., 2004) . Unfortunately, however, studies of agricultural users have revealed that the information of most interest to the user is not the rainfall total but the start and end dates of the wet season (Ingram et al., 2003; Ziervogel and Calder, 2003) . In particular, the start date of the wet season is of crucial importance as it determines sowing times, with planting too early possibly leading to crop failure, and planting too late leading to a reduced growing season and crop yield (Dodd and Jolliffe, 2001 ). Therefore, clearly there is a need to understand trends in the start of the wet season. In part, the reduced level of research on the start of the wet season has resulted from the 'fuzzy' nature of the start date. For instance, there is no definitive answer to the question of how much rain and over what particular period defines the start of the wet season. Additionally, the occurrence of dry spells after an initial period of rainfall is considered to signify a false start of the wet season, particularly in terms of sowing dates. Again, the definition of what constitutes a dry spell is open to different interpretations. Despite these difficulties, a number of definitions of the start of the wet season have been put forward (Benoit, 1977; Stern et al., 1982; Hulme, 1987) . In Africa, probably the definition with the most widespread use for agro-climatological applications was documented by Stern et al. (1982) and is of the general form: (a) the start of the wet season is not considered until after a particular date, 'd'; (b) the potential start date is defined as the first occurrence of at least 'x' mm totalled over 't' consecutive days; and (c) the potential start could be a false start if a dry spell of 'n' or more days in the next 'm'd a y so c c u r s afterwards.
The variables d, x, t, n and m can be defined locally according to user requirements. The advantage of this type of definition is that it can be tailored to suit a particular crop's water (and hence, in rain-fed agriculture, rainfall) requirements. For instance, in Niger, the planting date for millet was observed by Davy et al. (1976) to coincide with the first occurrence of 20 mm of rain over a two-day period. In trying to understand possible trends in the start of the wet season, these parameters can be varied to create a historical database of possible start dates of the wet season before extracting coherent climate signals. In this paper, we thus use the above definition to define the variability of start dates of the wet season over Africa, and explore the trends within these data. In Section 2 we describe the derivation of the wet season start date data, while in Section 3 we explore the trends in wet season start dates. In Section 4 the results of the study are discussed.
Rainfall data
The calculation of the start date of the wet season requires continuous daily raingauge data. Unfortunately, over large parts of Africa and the surrounding land areas of the extreme south of Europe and parts of the Middle East (hereinafter, the whole region is referred simply to as Africa), few long-term daily observations of rainfall exist. One of the few sources of relatively long-term daily raingauge data comes from the Global Telecommunication System (GTS). In Figure 1 , the distribution of raingauge data is shown from the GTS network for the period 1978-2002. The rainfall values from these data were spatially interpolated to produce a 2.5°lat-itude/longitude daily rainfall dataset for the whole of Africa and checked for spurious data using spatial and temporal outlier tests. These data were obtained from the Climate Prediction Center USAID/FEWS-NET Project at the National Oceanic and Atmospheric Administration (NOAA).
In the general definition of the start of the wet season by Stern et al. (1982) , it is suggested that the earliest possible start date, d, might be chosen according to previous experience as to whether successful planting had occurred before a particular date, or alternatively, when the probability of a dry spell falls below a certain value. In this study, we have chosen to define d more generally, as the average daily rainfall minimum prior to the average daily rainfall maximum. The minimum and maximum were derived using differing running average periods of 10, 30, 50, 70 and 90 days. By focusing on the minimum prior to the maximum rainfall we have focused purely on the wet season of the largest magnitude, if more are present. It should be noted that the parameter d does not vary temporally but is taken from the climatological distribution of daily rainfall throughout the year. In Figure 2 , the spatial variation of parameter d is shown at 2.5°spatial resolution for the period 1978-2002 using a running average period of 90 days. In this, as in subsequent figures, 'Julian' dates are given relative to the reference point of January 1. Thus, in some regions, it can be noticed that values of d in excess of 320 are present to assessing data availability over the whole year. Linear trend analysis was performed on those start date data that were significantly (at 0.05 significance level) correlated with time for each 2.5°latitude/longitude grid square. The sensitivity of the trends in wet season start dates to both the availability of continuous data and the averaging period used to define d is discussed in Section 3. The four other parameters that are used to define the start date are the amount of rainfall (x) over a period (t) to denote a possible start, the number of days (n)ofadry spell and the number of days (m) from the possible start date over which the dry spell re-classifies the start date as a false start. Three amounts of rainfall were chosen for x: 10 mm, 20 mm and 30 mm, as they encompass a broad range of crop water (rainfall) requirements. In order to maximize the variability of start dates the number of consecutive days over which an amount of rainfall can occur is restricted to 2 days (e.g. 10 mm in total over the 2 days). The dry spell length was kept at 10 days in the next 30 days from a possible start date, as suggested originally by Stern et al. (1982) . In Figure 4 the average wet season start dates are shown at 2.5°spatial resolution for the period 1978-2002 with a 10, 20 and 30 mm threshold for x. The parameter d values were derived using a 90-day averaging period and only grid cells were used where rainfall data are available at least 70% of the time required to identify the start of the wet season. On average, the start dates for the 20 mm threshold definition are 30 days later than the 10 mm threshold, while the start dates for the 30 mm threshold are, on average, 13 days later than the 20 mm. It should be noted that for most of the Sahara and Namibian deserts there are no values of start date of the wet season due to the threshold defining the start date not being exceeded for all years. Hereafter, these regions are ignored with reference to changes in start date over time. It should also be noted that there is a high degree of variability from year to year of start dates. The average range from the earliest to the latest start dates from 1978 to 2002 for the region of grid squares with at least 70% data availability are 116, 129 and 142 days for the 10, 20 and 30 mm rainfall thresholds, respectively.
The influence of dry spells on the variability of start date of the wet season can be seen in Figure 5 with the difference of the average possible (i.e. wet season start date without false starts) and real (i.e. including false start date criteria) start dates of the wet season. In Figure 5 , the threshold for defining a possible start and real start are both 10 mm over 2 days, and as is shown, above grid squares must have at least 70% data availability, and a 90-day averaging period is used to define d.T h e average possible start date using the 10 mm threshold to define start dates is 4 days earlier than the average real start date for the 1978-2002 period. However, this figure is skewed to a lower value as there are possible starts in the marginal areas in southwest Africa and North Africa that do not have corresponding real start dates. The spatial pattern of difference between average possible and real start dates shows many grid cells to have possible start dates up to 2 weeks prior to the real ones, with the exception of regions over Namibia, Botswana, South Africa and Zimbabwe, and North Africa (over Algeria and Morocco) where possible starts of up to 4 weeks earlier can be observed. 
Trends
The change in temperature over Africa during the last 100 years has mirrored that shown by global datasets with a warming of 0.5°C century −1 . As with the global record, warming occurred rapidly in the 1910s-1930s and post 1970s (Hulme et al., 2001) . Spatially, the warming trend has dominated most of the continent with some areas of cooling around Nigeria/Cameroon in West Africa and along the coastal areas of Senegal/Mauritania and South Africa. Trends in rainfall show a less coherent pattern of change than temperature with modest increases (up to 10% century −1 ) in rainfall over most of equatorial Africa and the Red Sea coast (Hulme et al., 2001) . Drying trends have been most pronounced (>25% century −1 ) over some eastern and western parts of Sahel, with more modest drying trends along the Mediterranean coast and over large parts of Botswana, Zimbabwe and the Transvaal in South Africa (Hulme et al., 2001) .
In Table I , the trends in the start dates of the wet season, in units of days per year, with 10, 20 and 30 mm thresholds determining the start dates, are shown for locally significant trends (at 0.05 significance level) and for all trends for grid squares where rainfall data is available for at least 50, 60, 70, 80 and 90% of the time required to identify the start of the wet season.
Additionally shown are the percentages of grid cells with significant trends required to achieve field significance, along with the percentages measured. Field significance is measured at the 0.05 significance level, and takes into account the impact of spatial correlation in the data (Livezey and Chen, 1983) . Noticeably, all the trends have field significance for 10, 20 and 30 mm, and for grid squares where data availability is over 50, 60, 70, 80 and 90% of the time in a 90-day period after the start date. This illustrates the robustness of the finding that, for Africa as a whole, the start of the wet season is getting progressively later each year. Interestingly, the influence of data availability on trends in the start date of the wet season varies with rainfall threshold. For the 10 and 20 mm rainfall thresholds the trends get smaller in magnitude with the consideration of locations with more complete datasets. Whilst for a 30 mm rainfall threshold the magnitude of the trend gets larger as a tighter restriction is placed on the data availability. However, for all thresholds the percentage of grid squares that have significant trends increases with increased data completeness. This possibly indicates that with more data an increasing trend in the start of the wet season would be seen more over more of Africa. In Figure 6 , the trends in start dates of the wet season for 1978-2002 are shown using a 10, 20, and 30 mm threshold, and an averaging period of 90 days for the determination Table II for a 10 mm threshold and 70% data availability. These data show the trends to be relatively insensitive to the averaging period used to define d, with trends varying from 0.29 to 0.31 days per year. In Figure 7 , time series are shown of the average start date of the wet season for West and southern Africa as contained by the latitude-longitude boxes of 5°-20°N, 20°W-15°E and 35°-10°S, 15°-50°E, respectively, for grid squares which are significantly (at the 0.05 level) correlated with time. These clearly show the trend towards latter start dates in both regions and the high variability of start dates from year to year.
Discussion and conclusion
For regions that rely on rain-fed agriculture, the start date of the wet season is a fundamental piece of information that aids decision making at a number of levels, from the individual farmer to inter-governmental organisations responsible for regional food supply. In this study, we have chosen to base the definition for identifying the start of the wet season around the rainfall distribution. The derivation of several start date databases for Africa at a 2.5°spatial resolution, using different thresholds of rain required to define the onset of the wet season, has allowed the investigation of the existence of trends in these dates over a recent quarter of a century. The start dates of the wet season over much of Africa exhibit large variability both temporally and geographically. In general, start date temporal variability increases with increased rainfall needed to define the start date (i.e. the wetter part of the wet season). In terms of climate change, over much of Africa the wet season appears to have started later in the year, from 1978 to 2002, by up to 4 days a year in some locations, and by an average of 0.28-0.37, 0.43-0.48 and 0.65-1.0 days per year for 10, 20, and 30 mm thresholds chosen to define the start of the wet season. Taking the average of these estimates reveals that the start of the wet season has, on average, arrived 9, 12 and 21 days later in the early part of this millennium compared to 25 years previously, for rainfall thresholds of 10, 20 and 30 mm respectively.
Future research into the occurrence of the wet season should examine causes of variability of the start date from year to year, and information on the cessation dates of the wet season as well as the frequency of dry breaks in between start and end dates. Several caveats to this study should be stated. First, the data used to define the start dates of the wet season only covers a minority of the whole of Africa and surrounding regions. Second, it should be noted that the data from which these trends are derived is relatively short, at 25 years, and analysis of longer datasets when available, may temper the conclusions drawn from this analysis. Finally, no attempt in this study has been made to explore the variability of the start of the wet season over the Sahara or Namibian deserts where consistent arrival of the wet season does not occur and data availability is poor.
